ABSTRACT: A stable transformation system for Tetraselmis subcordiformis had been established, but a low transformation rate limits its application to this alga. As a promoter is a key factor for transgenic research, a suitable promoter could increase the transformation rate. To improve a transformation system for T. subcordiformis, three commonly used promoters for algal transformation were selected. The CMV, CaMV35S and SV40 promoters were transferred to T. subcordiformis by glass-bead agitation and particle bombardment, with the enhanced green fluorescence protein (egfp) gene as the reporter gene. The transformation rate was calculated according to the GFP fluorescence in transformed algae. Results showed that the CaMV 35S promoter transformation efficiency was higher than that of CMV and SV40 promoters. This report will contribute to efforts to establish a high-efficiency transformation system and expands the fundamental research and applications of this alga.
INTRODUCTION
Tetraselmis subcordiformis (H.J.Carter) Stein is a unicellular marine green alga with broad application prospects in aquaculture and bioenergy. Because of its rich content of amino acids and fatty acid, it is used as feed for bivalve mollusks, rotifers, fishes, and penaeid shrimp larvae. In recent years, there have been many reports regarding hydrogen gas production by T. subcordiformis (Guan et al. 2004; Guo et al. 2008) , which demonstrates that this alga could possibly be used for sustainable energy production (Wei et al. 2015) .
Genetic engineering is a basic and necessary tool for fundamental research. In earlier research, this lab established a stable, nuclear transformation system of T. subcordiformis using glass-bead agitation and particle bombardment (Cui et al. 2012) . In that study, we reported that the transformation rate of particle bombardment was 1.63 3 10 À6 ; whereas, that of glass beads was 6.54 3 10 À6 . Thus, the transformation rates from these two methods were lower than needed, and their application was hindered as a result. Thus, a more efficient transformation method was needed to improve the expression rate. A suitable promoter is an essential tool for genetic engineering. According to reports of higher plant transformations, the promoter is the key factor for research on transgenes, regulation mechanisms and other areas (Li et al. 2007 ).
Fundamental research into T. subcordiformis is rare, especially regarding genome information. On this basis, it is possible in research to use an exogenous promoter rather than an endogenous promoter. In algal transformation research, the commonly used efficient promoters contain the CaMV 35S promoter (El-Sheekh 1999; Kathiresan et al. 2009 ), the CMV promoter (Cui et al. 2010 ) and the SV40 promoter (Teng et al. 2002; Cui et al. 2012) . In the present study, the focus was on screening for a suitable promoter with an improved rate in T. subcordiformis to provide evidence for establishing a high-efficiency transformation system, advance fundamental research, and expand potential applications of this alga.
MATERIAL AND METHODS
Strains of T. subcordiformis were grown in a modified f/2 medium (vitamin free; Guillard & Ryther 1962) at 238C-258C at 80-90 lmol photons m À2 s À1 and a 12:12 light:dark photoperiod. Cells were harvested at mid-log phase, and culture density was measured using a hemocytometer.
Three vectors with different promoters were adopted to regulate egfp gene expression (Table 1 and Fig. 1 ). All vectors were amplified in the Escherichia coli Top10 strain. Plasmid DNA was isolated from E. coli with a plasmid small extraction kit (Tiangen Biotech Co., Beijing, China).
Cells of T. subcordiformis at log phase were collected by centrifugation at 6000 rpm (approximately 3500 3 g) for 5 min. Then 50-100 ll of harvested algae (with about 1 3 10 8 cells) were spread onto the central area of f/2 agar plates to a diameter of 2 cm. Gold carrier particles were mixed with plasmid DNA, according to Jiang et al. (2003) . Plates were then bombarded with 12 ll of DNA (~1 lg) per plate at 450, 650, 900 and 1100 psi from two distances: 6 and 9 cm. After transformation, plates were regenerated in darkness for 8 h and then transferred. A plate bombarded with gold powder without plasmid DNA was used as a negative control.
Cell walls of T. subcordiformis must be degraded with a lytic enzyme mixture produced from abalone acetone powder and cellulose solutions before glassbead agitation (Cui et al. 2010) . The resulting protoplasts were harvested by centrifugation at 1000 rpm (approximately 150 3 g) for 10 s and washed twice in 0.5 M mannitol in seawater, and the cells resuspended in 300 ll of 0.5 M mannitol in seawater. Next,~300 mg of glass beads with a diameter of 0.425-0.600 mm (Sigma-Aldrich, St. Louis, Missouri USA), 1 lg of plasmid DNA, 15 lg PEG and~5 3 10 7 cells (final volume about 700 ll) were mixed and agitated at top speed on a vortex mixer (XM-80A, Jingke Co., Shanghai, China) for 25 s. Protoplasts agitated without plasmid DNA were used as blank controls, and cells without the preceding step were considered negative controls. Finally, the cells were collected, cultured in 20 ml of mannitol in seawater in the dark for about 8 h, collected again and resuspended in f/2 medium. All experiments were performed in triplicate.
EGFP expression of transformed cells was detected 72 h after transformation (García-Mata et al. 1999) with a Nikon Eclipse 50i microscope (Nikon, Tokyo, Japan) using blue-light excitation (450-520 nm). The volume of each sample was~200 ll. Images were obtained with 5-s exposure time and analyzed with Adobe Photoshop software. The transformed algae were monitored per the above manipulation for~15 d.
After counting the cell density of each culture with a hemocytometer, a portion of algal culture (~10% by volume) from each sample was removed for detection according to the following formula (Kindle 1990 ):
Transformation rate

¼
Positive cells Detected cells 3 Proportion of detected cells
:
RESULTS
Detection of EGFP expression
In cells of T. subcordiformis, the combination of green fluorescence from EGFP and red fluorescence from chlorophyll produced a bright greenish-yellow fluorescence. When observed with a fluorescence microscope, nontransformed cells emitted the characteristic red fluorescence of chlorophyll; whereas, transformed cells produced a bright greenish-yellow fluorescence, indicating the presence of EGFP (Figs 2-13 ).
Comparison of transformation rate
Using glass beads, the transformation rate with pBI221-EGFP was the highest, at~10
À3
. The transformation rate with the SV40 promoter was~6 3 10
À4
; whereas, the rate with the CMV promoter was~5 3 10 À4 (Table 2) . Using particle bombardment, the rate with CaMV 35S promoter was the highest, at~3.0 3 10 À5 , followed by CMV and SV40 promoters, with rates of 1.0 3 10 À5 and 2.0 3 10 À5 , respectively.
DISCUSSION
We introduced the CaMV 35S, SV40 and CMV promoters into cells of T. subcordiformis by glass-bead agitation and particle bombardment and detected GFP fluorescence by fluorescence microscopy, with the fluorescence indicating successful transformation. According to a comparison of transformation rates, the transformation rate of the CaMV 35S promoter was the highest, and the transformation rates of the SV40 and CMV promoters were almost the same.
The CaMV 35S promoter is widely used for algal transgenic processes and is a constitutive promoter for highly efficient gene expression. The SV40 promoter, from both monkeys and humans, exhibits an astonishing performance when applied to transgenic brown algae (Teng et al. 2002; Ladygin 2003) . It is quite common for the CMV promoter to be used in animal genetic engineering; whereas, there are few reports of its application to algae. In early research here, it performed efficiently in T. subcordiformis. The results of this study showed that the CaMV 35S promoter was quite suitable for the transformation of T. subcordiformis. Yoo et al. (2005) reported that the 35S promoter effectively places its downstream gene outside any regulatory control by the host genome and, as a result, expresses the gene at approximately two to three orders of magnitude higher than normal; furthermore, the CaMV 35S promoter sequence has been found in Cauliflower mosaic virus (Franck et al. 1980) . While the SV40 and CMV promoters come from animal viruses, as a plant promoter, the CaMV 35S promoter appears to be more easily identified in this alga.
In this study, the transformation rate of CaMV 35S promoter was higher than that of CMV and SV40. Furthermore, this study provided evidence that CMV promoters could be applied to genetic transformations of green algae. But the endogenous promoters always showed a higher rate than the exogenous ones in higher plants and some algae (Apt et al. 1996) . Some reports regarding tandem promoters driving foreign gene expressions have indicated that their expression is significantly greater than with a single promoter driving gene expression in plants (Wu et al. 2008) . Thus, further research efforts will aim to improve the genetic transformation rate in the two effects for T. subcordiformis. Fig. 2 . Transformed Tetraselmis subcordiformis with the CaMV 35S promoter by particle bombardment under white light. Bar ¼ 10 lm. Fig. 3 . Transformed T. subcordiformis with the CaMV 35S promoter by particle bombardment under blue light excitation. Bar ¼ 10 lm. Fig. 4 . Transformed T. subcordiformis with the CaMV 35S promoter by glass bead under white light. Bar ¼ 10 lm. Fig. 5 . Transformed T. subcordiformis with the CaMV 35S promoter by glass bead under blue light excitation. Bar ¼ 10 lm. Fig. 6 . Transformed T. subcordiformis with the CMV promoter by particle bombardment under white light. Bar ¼ 10 lm. Fig. 7 . Transformed T. subcordiformis with the CMV promoter by particle bombardment under blue light excitation. Bar ¼ 10 lm. Fig. 8 . Transformed T. subcordiformis with the CMV promoter by glass bead under white light. Bar ¼ 10 lm. Fig. 9 . Transformed T. subcordiformis with the CMV promoter by glass bead under blue light excitation. Bar ¼ 10 lm. Fig. 10 . Transformed T. subcordiformis with the SV40 promoter by particle bombardment under white light. Bar ¼ 10 lm. Fig. 11 . Transformed T. subcordiformis with the SV40 promoter by particle bombardment under blue light excitation. Bar ¼ 10 lm. Fig. 12 . Transformed T. subcordiformis with the SV 40 promoter by glass bead under white light. Bar ¼ 10 lm. Fig. 13 . Transformed T. subcordiformis with the SV 40 promoter by glass bead under blue light excitation. Bar ¼ 10 lm.
